Mg1.5 mass%Mn (M1) alloy is known for its high damping properties. In this study, effects of process parameters such as rolling and annealing temperatures on the texture formation in rolled M1 alloys were investigated for the purpose of enhancing their room-temperature formability. Specimens were pre-annealed, warm-rolled and then finally annealed. Pre-annealing at temperatures of 773813 K and subsequent warm-rolling at temperatures of 373523 K resulted in the formation of basal textures with low intensities. The (0002) pole was inclined towards the rolling direction. The specimens annealed at 473 K in the final step showed a high Erichsen value of 7.9, while the values for specimens annealed at temperatures higher than 623 K were lower. This deterioration in the Erichsen values was attributed to the occurrence of abnormal grain growth accompanied by recrystallization. It is suggested that iterating the protocol involving pre-annealing at high temperatures and the subsequent warm-rolling promoted the formation of extensive twinning, which contributed to the formation of basal textures with low intensities. The internal friction of the M1 alloy sheets was found to be 70% of that of pure Mg.
Introduction
Mg alloys are promising light-weight structural materials with excellent properties such as high specific strength and specific stiffness. For their wider application, it is necessary to develop Mg alloy sheets with high room-temperature formability. However, during rolling, (0002) basal planes align parallel to the RD-TD plane (RD: rolling direction, TD: transverse direction), and an intense basal plane texture is formed. The resulting rolled Mg alloy exhibits poor roomtemperature formability.
Recently, MgAlZn alloy sheets exhibiting excellent room-temperature formability have been developed. 111) In these alloy sheets, texture formation during rolling is suppressed by specialized rolling techniques such as shear rolling, 15) high-temperature rolling, 310) and high-temperature annealing with subsequent warm-rolling. 11) In addition, new alloy design technologies for the improvement of roomtemperature formability have also been developed, in which special elements such as rare-earth metals and calcium, are added in minute quantities to the MgZn alloys. 12, 13) It is well known that compared to various other metals, pure Mg has high damping properties. However, damping properties of Mg alloys such as MgAlZn are not as high as that of pure Mg, because dislocation damping, which is the main damping mechanisms of Mg, is associated with a significant decrease in damping properties with increase in solute concentrations. 14) Previous studies aimed at enhancing room-temperature formability have focused on Mg alloys with high solute concentrations, and their damping properties are only comparable to that of cast iron. 14) M1 (Mg1.5 mass%Mn) alloy is known for its superior damping properties, which are as high as 6080% of that exhibited by pure Mg. 15) This is attributed to the low solid solubility limit of Mn (which constitutes only about 0.1 mass%) in Mg at room temperature. 16) M1 alloys are also known to exhibit reasonable mechanical and corrosion properties, which are only slightly inferior to that of commercial AZ31 (Mg3 mass%Al1 mass%Zn0.5 mass%Mn) alloys. 17) Therefore, it is expected that an enhancement in the room-temperature formability of M1 alloys will expand their applicability to various fields. However, there are hardly any reports focusing on enhancing the room-temperature formability of M1 alloys. Thus, in this study, the effects of rolling parameters such as rolling and annealing temperatures on the texture formation in rolled M1 alloys were investigated for the purpose of enhancing their room-temperature formability. Consequently, the room-temperature formability, mechanical properties, and damping properties of these alloys were evaluated.
Experimental Procedure
A 180 mm long, 64 mm wide, and 3.0 mm thick bar, machined from the as-received M1 alloy extrusion (Mg 1.47 mass%Mn0.0169 mass%Si0.0011 mass%Cu0.0048 mass%Fe0.0002 mass%Ni) was homogenized at 693 K for 86.4 © 10 3 s and subsequently used as the specimen for rolling. During the rolling process, the specimen was first heated at a temperature in the range 723813 K in a furnace. Then, after air cooling, the specimen was heated at a temperature in the range 373673 K and subsequently rolled to a reduction ratio of 24%, during which the roll temperature was maintained at 373 K. The first and second heating steps and the subsequent rolling were repeated until the sheet was rolled to a thickness of 1.0 mm. The sheet was rotated after each pass so that the shear strain could be alternatively introduced. Finally, the rolled specimens were annealed at a temperature in the range 423673 K for 7.2 © 10 3 s. It is noted that the main purpose of the preliminary heating prior to rolling is to promote microstructural changes induced by strain energy. Henceforth, the temperature at which the initial heating was carried out will be termed as the "pre-annealing temperature", and the temperature at which the subsequent heating was carried out will be termed as the "rolling temperature". In addition, the temperature at which the final annealing was carried out will be termed as the "final annealing temperature". The pre-annealing temperatures, rolling temperatures, and final annealing temperatures applied to the specimens are summarized in Table 1 . The symbols of A1, A2, B1, B2, C1C7, D1D5 and E1E5 denote the specimens subjected to the rolling procedures shown in Table 1 .
The (0002) plane pole figure of the rolled specimens at the center through the thickness was investigated by the Schulz reflection method. The microstructures of the specimens in the RD-ND plane (ND: normal direction) were investigated by optical microscopy and the average grain size was calculated by the intercept method 18) when the grain boundaries could clearly be observed.
A circular blank with a diameter of 50 mm was machined from the specimens. Erichsen tests were carried out at room temperature using a hemispherical punch with a diameter of 20 mm to investigate the stretch formability of the specimens, and the Erichsen value (IE), i.e., the punch stroke at fracture initiation, was measured. The punch speed and blank-holder force were 5 mm/min and 10 kN, respectively. Graphite grease was used as the lubricant.
For tensile tests, specimens with a gage length of 12 mm, gage width of 4 mm, and gage thickness of 0.9 mm were machined from the rolled sheets. Tensile tests were carried out with an initial strain rate of 2.8 © 10 ¹3 s ¹1 , where the angles between the tensile direction and the RD were set to 0, 45 and 90°. Additional tensile tests were conducted to investigate the Lankford (r) value. The Lankford value is given by r = ¾ w /¾ t = ¹¾ w /(¾ l + ¾ w ), where ¾ l , ¾ w and ¾ t are the true strains along the length, width and thickness of the specimen, respectively. The ¾ l and ¾ w values were measured with specimens deformed to around 8% of true strain along the specimen-length.
Specimens with a length of 60 mm, width of 12 mm, and thickness of 0.9 mm, machined from the rolled specimen, were used for measuring the damping properties. The internal friction (Q ¹1 ) of the rolled specimens was measured by the resonance transverse vibration method by using cantilevered beam specimens. In these experiments, the angle between the longitudinal direction of the specimen and the RD was set to 0°.
Results and Discussion
The (0002) plane pole figures of the rolled M1 alloys obtained with various rolling conditions are summarized in Fig. 1 . A1, B1 and C1 are rolled specimens that were not subjected to the final annealing. A2, B2 and C2 denote rolled specimens that were treated at the final annealing temperature of 573 K, and C3 represents the rolled specimen treated at the final annealing temperature of 473 K. In specimens A1 and A2, both the pre-annealing and rolling temperatures were set to 773 K. In specimens B1 and B2, the pre-annealing and rolling temperatures were set to 723 and 473 K, respectively. In specimens C1, C2 and C3, the pre-annealing and rolling temperatures were set to 773 and 423 K, respectively. Prior to being subjected to the final annealing, the specimens B1 and C1 exhibited clear double-peak type pole figures, in which the peak of the basal pole tended to incline toward the RD by about «12 and «15°, respectively. However, only singlepeak type pole figure was observed in specimen A1, indicating that the double-peak type pole figure probably developed when the rolling temperature was decreased. Notably, the basal texture intensity of the specimens tended to decrease when a lower rolling temperature was used.
After the final annealing, single-peak type pole figures showing higher basal texture intensities than that encountered in specimens not subjected to the final annealing developed in specimens A2 and B2. On the contrary, a double-peak type pole figure was retained even after the final annealing in the case of specimen C2, in which the inclination angle of the basal pole increased and the basal texture intensity decreased during the final annealing. It is noteworthy that specimen C3 also exhibited the double-peak type pole figure, while the decrease in the basal texture intensity during the final annealing was lesser than that observed in specimen C2.
The results shown in Fig. 1 indicate that the use of high rolling temperatures of around 773 K was ineffective in suppressing the formation of basal textures. However, employing a high pre-annealing temperature of around 773 K and subjecting the specimen subsequently to warm-rolling at around 423 K promoted the suppression of basal texture formation. This tendency is similar to that observed in a previously reported rolling procedure used on AZ31 alloys for suppressing strong basal texture formation. 11) In Ref. 11), the AZ31 alloy specimens were processed by high-temperature pre-annealing at around 773 K, followed by warmrolling at around 473 K, and a final annealing treatment carried out at around 773 K.
Microstructures in the RD-ND plane of specimens obtained after the final annealing treatment are shown in Fig. 2 . The equiaxed and recrystallized microstructures with occasional remnant twinning in grains were observed in specimens A2, B2 and C2. The average grain sizes found in specimens A2, B2 and C2 were 17.5, 12.3 and 13.7 µm, respectively. The differences between the sizes of grains present in these specimens were indistinct. However, the extensive twinning was retained in the grains present in specimen C3.
The results of the Erichsen tests are shown in Fig. 3 . Specimen C2 exhibited a much higher IE of 7.3 than that shown by specimens A2 and B2. This indicates that the stretch formability was enhanced with the decrease in the basal texture intensity. Furthermore, the specimen C3 exhibited a significantly high IE of 7.9, which is almost equivalent to that shown by 5000 and 6000 series Al alloys. 19) So far, studies aimed at enhancing the roomtemperature formability of Mg alloys have focused on Mg alloys with high solute concentrations exhibiting low damping properties. However, the results shown in Fig. 3 imply that it is possible to exercise texture control and achieve a related improvement in the room-temperature formability not only in Mg alloys containing solutes at high concentrations but also in those containing solutes at low concentrations. It is to be noted that the basal texture intensity of specimen C3 was higher than that shown by specimen C2, regardless of its superior stretch formability. This result indicates that in addition to basal texture intensity, an additional microstructural factor is likely to affect the room-temperature formability of M1 alloy sheets.
Subsequently, effects of the process parameters on the basal texture intensities and IEs of the M1 alloy sheets were investigated. The results are summarized in Fig. 4 . Figure 4 (a) shows the changes in the basal texture intensities and IEs as a function of the pre-annealing temperature. The samples were obtained by setting both the rolling and final annealing temperatures to 473 K. The increase in the pre-annealing temperature to 773 K promoted a significant enhancement in the IE, which was accompanied by a decrease in the basal texture intensity. However, increasing the pre-annealing temperature to values higher than 773 K induced a slight decrease in the IEs, despite a slight decrease in the basal texture intensities. This observation is attributed to the coalescence of grains during pre-annealing. Figure 4 (b) shows the changes in the basal texture intensities and IEs as a function of the rolling temperature. The specimens were obtained by setting the pre-annealing and final annealing temperatures to 773 and 473 K, respectively. The maximum IE and the minimum basal texture intensity were obtained when the rolling temperature was set to around 423 K. However, when the rolling temperature was set to values higher than 423 K, the IEs and the basal texture intensities monotonically decreased and increased, respectively. The decrease in the IE when the rolling temperature was set to 373 K was ascribed to the nonnegligible introduction of surface-cracks in the specimens. Figure 4 (c) shows the changes in the basal texture intensities and IEs as a function of the final annealing temperature. The specimens were obtained by setting the pre-annealing and rolling temperatures to 773 and 423 K, respectively. To gently recall, the specimens C1, C2 and C3 shown in Fig. 1 were obtained with an identical set of rolling conditions. The specimens exhibited low basal texture intensities (less than 6.1), irrespective of the final annealing temperature at which they were processed. In addition, a significant decrease in the basal texture intensity was observed when the final annealing temperature was set to values greater than 523 K. However, the changes in the IEs were not always related to that of the basal texture intensities. The maximum IE was obtained at 473 K, and a significant deterioration was observed at temperatures higher than 573 K. Figure 5 shows the microstructures in the RD-ND plane of specimens C4 and C5 obtained after the final annealing. In the case of specimens C4 and C5, the final annealing temperatures were set to 623 and 673 K, respectively, and the pre-annealing and rolling temperatures were set to 773 and 423 K, respectively, in both specimens. The average grain size in specimens C4 and C5 were 17.2 and 19.1 µm, respectively, and an abnormal grain growth to sizes greater than 50 µm was frequently observed in both specimens. Thus, the deterioration in the IEs observed in Fig. 4 (c) in samples obtained by setting the final annealing temperature to values higher than 573 K can probably be attributed to the occurrence of abnormal grain growth, which may promote the formation of coarse f10 11g-f10 12g double-twins as fracture sites. 20) As shown in Fig. 2, specimen C3 , which exhibited the highest IE of 7.9, showed a deformation microstructure in which extensive twinning remained even after the final annealing was carried out. This observation indicates that a final annealing treatment at around 473 K is essential for improving the room-temperature formability of rolled M1 alloys. This condition was found to be effective for relaxing work hardening without promoting recrystallization, which often induced abnormal grain growth. It is interesting to notice that the final annealing temperatures required for M1 alloys were much lower than that used for AZ31 alloys (higher than 693 K) to suppress the formation of strong basal textures.
11)
Tensile and damping properties of specimen C3, which showed the highest IE of 7.9, are summarized in Table 2 . For reference, the tensile properties (measured with the angle between the tensile direction and the RD set to 0°) and damping properties of specimen A2, AZ31 alloy, 17) and pure Mg are also summarized in Table 2 . The rolling procedure used for the pure Mg samples was identical to that employed to obtain specimen A2, in which the pre-annealing, rolling, and final annealing temperatures were set to 773, 773 and 473 K, respectively.
In specimen C3, while the ultimate tensile strength (UTS), 0.2% proof stress (YS), and r-value increased when the angle between the RD and the tensile direction was increased, the fracture elongation (FE) showed an inverse dependence. This may be due to the spread of the (0002) orientation and the inclination of the basal poles toward the RD. It is noted that specimen C3 exhibited a much higher FE and lower r-value compared to that shown by specimen A2. This suggests that the enhanced stretch formability of specimen C3 can be attributed to the high FE and the enhanced strain in the thickness-direction of the specimen.
The Q ¹1 of the M1 alloy sheet was 70% of the value exhibited by pure Mg. This is slightly lesser than the Q ¹1 reported by Kageyama et al. (who reported a value which was 80% of the Q ¹1 shown by pure Mg).
15) The differences in the Q ¹1 may be due to the variation in microstructural factors such as dislocation density. 14) Notably, the Q ¹1 of specimen C3 was very similar to the value shown by specimen A2, suggesting that the dependence of the basal pole distribution on the Q ¹1 was negligible. In order to clarify the mechanisms of texture formation in M1 alloy sheets with low basal texture intensities, the microstructures of the specimens were investigated before being subjected to the final annealing. The results are summarized in Fig. 6 . One characteristic observation was that the specimen C1, which showed the lowest basal texture intensity, exhibited more extensive twinning when compared to the other specimens. As shown in Fig. 1 , double-peak type pole figures were clearly observed in specimens C1C3 obtained both before and after the final annealing. Agnew et al. 21) suggested that the splitting of basal poles towards the RD is related to the enhanced hc þ ai slips. Another previous study 22) suggested that the tilting of basal poles toward the RD is because of secondary f10 12g twinning occurring within the primary f10 11g compression twins. Considering that the rolling temperature used for obtaining the specimens C1C3 was much lower than the temperature at which hc þ ai slips are sufficiently activated, and recalling that many deformation twins were observed in specimen C1, it is suggested that the formation of f10 11g-f10 12g double-twins promoted the development of the double-peak type pole figure shown by specimen C1, at least considering the presently used experimental conditions. Recently, Liu et al. 23) reported that a twin-related static recrystallization (SRX), originating from the fragmentation of f10 11g compression twins, is often observed in AZ31 alloys subjected to cold working followed by annealing. In addition, Li et al. 24) reported that the fragmentation of f10 11g compression twins often exhibits orientations different from that of the parent grains. This can possibly be related to the observations in our study which indicate that the repetition of high-temperature pre-annealing followed by warm-rolling promoted the formation of extensive twinning, and the extensive twinning contributed to suppressing the formation of strong basal textures. Further research is underway to clarify the relationships between the orientations of the twinning and the macro-textures observed in specimens processed by pre-annealing at high temperatures followed by warm-rolling.
Conclusions
In the present study, M1 alloy sheets were processed by a rolling procedure in which different processing conditions were used. The pre-annealing, rolling, and final annealing temperatures were varied, and the properties of the processed alloy sheets were evaluated. The results are summarized below.
(1) Pre-annealing at 773813 K and subsequent warmrolling at 373523 K promoted the development of basal textures with low intensities along with basal poles inclined towards the RD. These basal textures with low intensities were retained even after the final annealing. (2) Specimens pre-annealed at 773 K, rolled at 423 K, and then finally annealed at 473 K exhibited the highest IE of 7.9, which was comparable to values shown by 5000 and 6000 series aluminum alloys. (3) When the final annealing was carried out at temperatures higher than 623 K, abnormal grain growth was induced in specimens pre-annealed at 773 K and subsequently rolled at 423 K. The specimens with coarse grains exhibited deteriorated stretch formability, despite showing basal textures with low intensities. (4) Specimens pre-annealed at 773813 K and subsequently warm-rolled at 373523 K exhibited microstructures with extensive twinning. It is suggested that the repetition of high-temperature pre-annealing and the subsequent warm-rolling promoted the formation of extensive twinning, which contributed to the formation of basal textures with low intensities. (5) The Q ¹1 of the rolled M1 alloy sheets was 70% of the value shown by pure Mg. The basal pole distribution was observed to be independent of the Q ¹1 . 
